Introduction
It is becoming increasingly apparent to many researchers that both plantand animal-parasitic nematodes face very similar biological challenges in interacting with their respective hosts. Although the precise nature of the molecules mediating key aspects of the host-parasite interaction will almost certainly be different in the different kingdoms, the underlying principles will be the same, and model systems based on plant-parasitic nematodes offer certain practical advantages over those involving animal hosts in elucidating these principles. In particular, the development of the soybean cyst nematode (SCN) as a genetic model (Dong and Opperman, 1997) , in conjunction with the ability to manipulate host plants by forward and reverse genetics, permits these powerful techniques to be employed to dissect the host-parasite interaction. The burgeoning deployment of genomics in studies of parasitic nematode biology (Blaxter, 1998; Opperman and Bird, 1998; Bird et al., 1999) will provide the tools to link SCN genetics to less tractable parasitic species, including animal parasites. Parasite genetics are discussed in Chapters 3, 4 and 5.
It is obviously not possible to provide a comprehensive review of plant nematology in one chapter, and readers are directed to descriptions of the taxonomy (Nickle, 1991) , morphology (Bird and Bird, 1991) , physiology and biochemistry (Perry and Wright, 1998) and cell biology (Fenoll et al., 1997b) of plant-parasitic nematodes. Rather, examples will be provided from plant-parasitic nematodes that emphasize the catholic nature of nematode parasitism. Understanding how the host and parasite communicate, both mechanistically and also in an evolutionary context, is arguably the greatest current challenge in parasitic nematology. This chapter presents the groundwork upon which those experiments on plant parasites will be based, and emphasizes research areas likely to be fruitful in the near future.
Somewhat surprising has been the slow adoption of the free-living nematode Caenorhabditis elegans as a model for parasitic forms, with some notable exceptions (Riddle and Georgi, 1990; Bird and Bird, 1991) . Although nematologists studying parasites have generally been aware of the ongoing development of C. elegans as a major metazoan model (Wood, 1988; , it has not until very recently begun to act as a catalyst to unify nematology into a discipline that encompasses studies of plant and animal parasites (Blaxter and Bird, 1997; Bird and Opperman, 1998; Blaxter, 1998) . The sheer volume of biological information obtained for C. elegans , along with its mature genome project (C. elegans Genome Sequencing Consortium, 1998) and suite of research tools (Epstein and Shakes, 1995) , ensures that C. elegans will remain a unifying force in parasitic nematology.
Root-knot and Cyst Nematodes
Throughout this chapter a range of plant-parasitic nematode species will be mentioned, but many examples will be drawn from the root-knot (Meloidogyne spp.) and cyst (Globodera and Heterodera spp.) nematodes, as these have been the most extensively studied. Root-knot nematodes have a very broad host range, whereas the cyst nematodes are much more specific. These species hatch in the soil as a second-stage larva (L2) that penetrates and migrates within a host root to establish permanent feeding sites, which are characterized by extensive modifications to host cells ( Fig. 8.1 ). The nematodes undergo dramatic developmental and morphological changes and adopt a sedentary life style. Eggs are either released in masses on to the surface of the root gall (root-knot) or encased in the body of the female, thus forming a cyst. Depending on the particular nematode species and host, and environmental conditions, there are typically between one and four generations per year.
The Impact of Plant-parasitic Nematodes
Nematodes are devastating parasites of crop plants in agricultural production and certainly contribute significantly to net reduction in yield, although assessing the true magnitude of the problem is difficult. Based on an extensive international survey (Sasser and Freckman, 1987) it has been estimated that overall yield loss averages 12.3% annually; this figure approaches 20% for some crops (e.g. banana). In monetary terms this figure certainly exceeds US$100 billion annually. Most of the damage is caused by a small number of nematode genera, principally the sedentary root-knot and cyst nematodes, and several migratory nematodes (including Pratylenchus and Radopholus spp.).
Another way to consider the impact of plant-parasitic nematodes is through the management strategies employed in their control. In 1982, 109 million pounds (approximately 49.4 Mt) of nematicide active ingredient were applied to crops in the USA, at a cost exceeding US$1 billion (Landels, 1989) . Between 1986 and in The Netherlands, nematicide application was more than three times the combined total of chemicals needed to combat insects, fungi and weeds on experimental farms (Lewis et al., 1997) . However, in recent decades, issues such as groundwater contamination, toxicity to mammals and birds, and residues in food have caused much tighter restrictions on the use of agricultural chemicals, including suspension of use of nematicides in many countries (Thomason, 1987) .
Host resistance is the most environmentally and economically sound approach for nematode management, and in those crops where resistance pertains it has proved to be an extremely valuable commodity. For example, the introduction of the Heterodera glycines-resistant cultivar 'Forrest' saved soybean growers in the southern USA over US$400 million during a 5-year period (Bradley and Duffy, 1982) . Regrettably, nematode resistance is yet to be identified for many crop plants, although several naturally occurring resistance genes have recently been cloned (Williamson, 1999) and the potential use of these dominant loci to construct transgenic plants to circumvent breeding difficulties is an intriguing approach. Indeed, transfer of Hs1 pro-1 , a gene from a wild relative of sugarbeet that confers resistance against H. schachtii (the beet cyst nematode), was shown to confer nematode resistance to susceptible sugarbeet roots (Cai et al., 1997) . However, experiments to transfer resistance from tomato into tobacco using the cloned Mi gene (which conditions resistance to Meloidogyne incognita) have so far been unsuccessful (Williamson, 1998) . Other approaches to make transgenic, nematode-resistant crop plants based on an understanding of the host-parasite interaction have been proposed and were reviewed in detail by Atkinson et al. (1998) .
Nematode Adaptations for Plant Parasitism
The nematode body plan has proved to be a remarkably adaptable platform upon which a wide range of modifications have evolved (Bird and Bird, 1991; Blaxter and Bird, 1997) , permitting a diverse range of habitats to be exploited. Although various plant nematodes exhibit a range of modifications depending on their particular parasitic niche, several adaptations are widespread, including morphological and developmental specializations.
Mouthparts
The most obvious change related to parasitism of plants has been to their mouthparts. In particular, all plant parasitic nematodes have a mouth spear or buccal stylet for at least some of the stages in their life cycle; it may be absent in male forms. However, although a mouth spear is required for the parasitism of plants, its presence is not necessarily indicative of a plant host, as mouth spears are also found in entomopathogenic nematodes and in predatory dorylaims (Fig. 8.2A ). Buccal stylets are clearly an adaptation towards penetrating the various structural polysaccharide barriers of potential hosts or prey (cellulose in plants and chitin in insects). In the endoparasites of plants, these structures have become more refined. Two types of spear have evolved and these exhibit different ontogeny (Bird and Bird, 1991) , though in both cases they are formed by self-assembly of secreted components of the stomodeum. The dorylaim odontostyle is duplicated in larvae between moults, one odontostyle being functional and the other being stored in the pharyngeal wall until its deployment after the moult. Buccal stylets may be hollow and used as food channels as in the stomatostyle of tylenchids (Fig. 8.2B ) and the odontostyle of longidorids, or solid and used as a pick as in the odontostyle of trichodorids (Yeates, 1998) .
Pharynx and Pharyngeal Glands
The extensible stylet of plant-parasitic nematodes is connected to a well-developed pharynx containing three or five gland cells. The most extensively studied are those of the tylenchid nematodes, where the pharynx is composed of a muscular metacorpus containing a triradiate pump chamber and three large and complex pharyngeal glands (Bird, 1967 (Bird, , 1968 Endo, 1984) . Each gland is a single large secretory cell with a cytoplasmic extension that terminates in an ampulla, itself connected to the pharyngeal lumen via a valve. The valve of the single dorsal gland is located near the base of the stylet whereas the two subventral gland cells empty into the pharynx just posterior to the metacorporal pump chamber (Hussey and Mims, 1990) . Microscopy studies have revealed marked changes in the shape and volume of the pharyngeal glands that appeared to correlate with key events in establishment of the parasitic interaction, and the role played by gland contents has long been the subject of speculation (Linford, 1937; Bird, 1967 Bird, , 1968 Bird, , 1969 Hussey, 1989; Bird, 1992; Hussey et al., 1994) . In root-knot and cyst nematodes, the subventral glands seem to be more active prior to host penetration, with the reduction of secretory activity coordinated with the onset of parasitism (Endo, 1987 (Endo, , 1993 Endo and Wergin, 1988) , at which time activity of the dorsal gland increases (Bird, 1983) . Similarly, in non-feeding stages of Nacobbus aberrans, no evidence of secretory activity was observed in the pharyngeal glands, whereas upon onset of feeding a highly active dorsal gland was observed (Souza and Baldwin, 1998) . Using video-enhancement techniques (Wyss et al., 1992) it was demonstrated that migration through the root is accompanied by copious secretion of material from the head of the nematode. It was postulated that this material originated in the subventral glands and was presumed to be secreted via the stylet.
Various enzymatic functions for the secretions have been proposed, and convincing biochemical evidence obtained at least for the secretion of root-knot nematode-encoded cellulase (Bird et al., 1975) . However, it has not been until the recent cloning of genes encoding gland proteins that the nature of the secretion products have been discerned with confidence. The first to be isolated, sec-1 from M. incognita, appears to encode a protein that is not secreted per se, but which plays a role in the secretion process . Also demonstrated to be synthesized in the Meloidogyne pharyngeal glands (but not formally shown to be secreted) is a gene encoding chorismate mutase (Lambert et al., 1999) , an enzyme typically associated with the biosynthesis of the essential amino acid phenylalanine; a highly speculative role in the host-parasite interaction has been conjectured for this enzyme (Lambert et al., 1999) . It is interesting to note that the auxins (a family of phytohormones; see below) are synthesized from amino acid precursors.
To date, the most extensively studied secretion protein genes are from cyst nematodes. Using monoclonal antibodies directed to subventral gland antigens demonstrated to be truly secreted (de Boer et al., 1996) , sufficient protein for sequencing was affinity-purified, and the peptide sequences exploited to isolate genes defining a small family of endoglucanases from the potato cyst nematode (Globodera rostochiensis) and also from soybean cyst nematode Yan et al., 1998) . These eng genes, which most likely encode cellulases used during migration and perhaps also host penetration, appear to be widely present in plant-parasitic nematodes, having been isolated from root-knot nematodes (Rosso et al., 1999) and detected in plant nematodes with diverse parasitic habits, including Pratylenchus agilis, Paratrichodorus minor, Bursaphalenchus xylophilus, Rotylenchulus reniformis and Ditylenchus dipsaci (Y. Yan and E.L. Davis, North Carolina, 1999, personal communication) . Understanding the specific role of each family member in each of the various nematode-plant interactions will likely shed considerable light on the infection process.
Rectal Glands
In most parasitic nematodes the alimentary tract remains intact and functional and associated with food uptake and elimination of faeces. However, recent microscopy analyses using immunohistochemistry techniques (M.A. McClure, Arizona, 1999, personal communication) indicate that the anus of the Meloidogyne second-stage larva is in fact an orifice through which surface coat proteins are secreted. The source of these secretions is presumably the rectal glands, which become greatly enlarged in the adult stage and from which a copious gelatinous matrix is secreted (Dropkin and Bird, 1978) and which acts in various ways to protect the eggs. The anus apparently is never connected with the intestine. In highly specialized endoparasitic forms, such as in the genus Meloidogyne, where food is obtained as a sterile solution, there is presumably no need for the elimination of insoluble solid materials, such as bacterial cell walls.
Nothing is yet known of the molecular identity of the rectal gland secretions, although it is interesting to speculate that they might include enzymes able to degrade or remodel plant cell walls (e.g. endoglucanases, pectate lyases). Although the adult female root-knot nematode is clearly an endoparasite, the eggs are laid outside the root, presumably requiring breakdown of root cortical and epidermal cells.
Developmental Changes
Undoubtedly one of the key adaptations that has permitted nematodes to become such successful parasites is the ability to suspend development so as to couple their biology temporally with that of the host or other environmental cues. The canonical example of developmental arrest is provided by the dauer larva of C. elegans (Riddle and Albert, 1997) where it serves as an environmentally resistant, dispersal stage. The term 'dauer' refers to an enduring or lasting quality, and is used as a descriptor for the larvae of many different species of nematodes undergoing facultative or obligate dormancy. Dauer formation is an effective survival strategy in which stress is resisted and in which ageing and development are arrested.
The term 'dauer stage' is perhaps more appropriate since this type of dormancy is not restricted to the larval stages but has been observed in the adults of Aphelenchoides ritzemabosi (Wallace, 1963) and Anguina australis (I.T. Riley, South Australia, 1999, personal communication) . Dormancy includes quiescence and diapause. The former can lead to a state of no measurable metabolism and a state of suspended animation (cryptobiosis or anabiosis). Diapause differs in that its type of dormancy is temporarily irreversible and requires other triggers to bring about reversal (Womersley et al., 1998) . Thus the dauer larvae of Anguina agrostis (funesta) exhibit a dormancy involving quiescence whereas the dauer of C. elegans exhibits a dormancy involving a diapause. Despite these differences, it is likely that the underlying mechanisms leading to the arrest involve the dauer pathway described in C. elegans (Riddle and Albert, 1997 ).
An extensive genetic analysis (Riddle and Albert, 1997) has revealed numerous genes controlling dauer formation (daf genes) in C. elegans. By testing for epistasis of various pairwise combinations of daf genes, Riddle's group has defined a pathway through which environmental signals are perceived and processed into developmental (e.g. dauer entry/exit) and behavioural (e.g. egg-laying) changes, and antigenic switching on the nematode surface (Grenache et al., 1996) . Microscopy of Daf mutants and cellular localization of daf gene expression (Riddle and Albert, 1997) have demonstrated that the dauer pathway is primarily a neuronal one, making it an ideal conduit for a rapid response to the environment. Thus, the dauer pathway plays a pivotal role in linking a wide range of developmental and behavioural responses of the nematode to changes in the environment, suggesting that rather than being a specialized adaptation to the C. elegans life style, the dauer pathway is a fundamental aspect of nematode biology.
Dauer formation is facultative in C. elegans and corresponds to an alternative third larval stage. For many parasitic nematodes, the dauer stage is obligate and is often (but not always) the infective stage. In fact, it is not always the case that the dauer stage corresponds to a distinct larval stage, and in Anguina the dauer larva is formed gradually during the development of the L2 (Riddle and Bird, 1985) . In contrast with the L3 dauers of C. elegans, the L2 dauers of Meloidogyne and Heterodera spp. reflect precocious dauer development. Conversely, species such as B. xylophilus, which makes L4 dauers, are considered retarded in comparison with C. elegans (Riddle and Georgi, 1990) .
Although the precise nature of the molecules involved remains elusive, it is well established that C. elegans integrates the environmental cues of nematode-produced pheromone, food signal and temperature to control entry to and exit from the dauer stage (Golden and Riddle, 1984) . These cues permit individual nematodes to assess predictively whether or not sufficient resources are and will be available to complete the next life cycle. The obligate formation of a dauer stage by plant-parasitic nematodes implies either that the entry cue is constitutively provided, or that there is no a priori need for an entry cue per se; these alternatives have been discussed elsewhere .
Within 50-60 min of exposure to a suitable ratio of food-signal to pheromone, C. elegans dauers commit to recovery, and feeding is initiated within 2-3 h. Dauer recovery is far less understood in plant-parasitic nematodes. Some plants, while not resistant, fail to be recognized as hosts (Reynolds et al., 1970) . Infective Meloidogyne L2 enter these non-hosts, and frequently leave, retaining the ability to reinfect a true host. This result is consistent with the failure of the L2 to reinitiate development and suggests that dauer recovery does not occur simply in response to entering a root. However, in a compatible host, changes can be discerned in the L2 following root penetration (Bird, 1967) . For example, 99% of freshly hatched L2 will move through a 1 cm sand column within 6 h while only 12% of 1-2-day-old parasitic L2 dissected from the root can do this in the same time, though no morphological differences associated with movement have been observed. This might suggest that resumption of development by the parasite occurs prior to the establishment of a feeding site. Initiation of feeding has not been studied in planta, and conceivably might even begin whilst the L2 migrates through plant tissues. However, as is the case for C. elegans, feeding presumably supervenes the commitment to recover (i.e. to resume development). Perhaps the necessity to perceive a recovery cue prior to feeding is the reason that attempts to establish in vitro systems in which sedentary endoparasites are able to feed and develop have been unsuccessful (Bolla, 1987) . It is possible that the reduced motility of post-penetration larvae reflects alterations to the musculature. One of the most obvious changes that occur with the onset of feeding by root-knot and cyst nematodes in plants is the loss of function of somatic musculature to the extent that movement becomes restricted to the head region.
A role of the dauer pathway in processing environmental cues upon which various developmental decisions are based has previously been suggested for animal-parasitic nematodes (Riddle and Albert, 1997 ) and the same is probably true for plant-parasitic nematodes. Both root-knot and cyst nematodes base developmental decisions on as yet unidentified host signals. Sex determination for parthenogenetic Meloidogyne species is based on perception of host status, a character that is conceptually equivalent to the 'food signal' perceived by C. elegans. Similarly, soybean cyst nematodes couple progeny diapause with host senescence. In both cases, it is likely that the dauer pathway mediates between the host cue and the developmental outcome. Obviously, the chemical nature of those cues will differ from species to species, and indeed such differences may play a central role in determining the host range of any given parasite or species.
Niches Occupied by Plant-parasitic Nematodes
Perusal of many recent reviews of plant nematology (Hussey, 1989; Williamson and Hussey, 1996; Hussey and Grundler, 1998) might suggest that roots are the only organs attacked by nematodes, but the stems, leaves and flowers of plants are parasitized by many species of nematodes. Indeed, the first plant-parasitic nematode to have been observed was the seed gallforming species Anguina tritici (Needham, 1743) . Economically important and scientifically interesting examples of aerial plant nematodes include those belonging to the genera Ditylenchus (Sturhan and Brzeski, 1991) , Aphelenchoides and Bursaphelenchus (Nickle and Hooper, 1991) and Anguina, Heteroanguina and Mesoanguina (Krall, 1991) . 
An Aerial Plant Parasite
Anguina agrostis (funesta) is able to survive essentially indefinitely in a state of anhydrobiosis in a gall established inside a grass seed. Most of the life cycle takes place in the developing inflorescence, but begins in the soil following rain (Stynes and Bird, 1982) . Nematodes exit anhydrobiosis, emerge from the seed gall as infective larvae and make their way to the growing rye grass which initiates its floral structure close to the ground. Nematodes are carried up with the inflorescence, where galls are induced in tissues that would normally become the ovules (or sometimes stamens, glumes or the rachis). Changes take place in a large number of host cells. The cytoplasm becomes dense and granular, the nuclei enlarge ( Fig. 8.3A ) and gradually the cell contents become vacuolated and the cells become empty and collapse. This process ultimately leads to a gall with a cavity that becomes filled with nematodes ( Fig. 8.3B) . A. agrostis (funesta) is amphimictic and each gall usually has two or three of each sex, which undergo a single round of reproduction resulting in more L2 that subsequently become anhydrobiotic dauer larvae as the host senesces. Eggs have not been observed in galls with a single nematode (A.C. McKay, South Australia, 1999, personal communication) suggesting that neither parthenogenesis nor hermaphroditism occurs.
In certain grasses, including the important forage crop annual ryegrass (Lolium rigidum), these seed galls can become toxic to grazing animals when a bacterium (Clavibacter toxicus) is brought into the developing seed heads attached to the cuticle of the invading nematode. Intriguingly, the toxin is encoded by particles first observed under the transmission electron microscope and subsequently confirmed to be bacteriophage (Ophel et al., 1993) . This unique association of microorganisms is dependent on the nematode providing both transport and a niche in the seed gall that it initiates.
Root Parasites
Several authors have developed schemes to classify root-parasitic nematodes according to the site of feeding, and have conveniently presented these in cartoon format (Dropkin, 1969; Sijmons et al., 1994; Wyss, 1997; Hussey and Grundler, 1998) . In the simplest versions, nematodes are considered to be migratory or sedentary, and endo-or ectoparasites. Additional categories recognize classes such as 'ecto-endoparasite'. As part of these classification schemes, the nature of the host response is incorporated, such that the most elaborate versions recognize 14 'modes' of root parasitism (Hussey and Grundler, 1998) . The morphology of the various feeding sites that nematodes induce in the epidermis, cortex and vascular cylinder of the roots of their host plants ranges from cytologically subtle changes that take place in single cells to the complex syncytia and giant cells induced by the sedentary endoparasites. A clear and detailed summation of the mostly descriptive work on the various interactions has been provided (Wyss, 1997) and will not be repeated here.
However, although a useful tool for describing individual host-parasite interactions, these classification schemes provide no information on mechanisms of the host-parasite interaction, nor do they give any clues to the evolution of parasitism. Despite assertions that parasitic interactions involving the sedentary endoparasites are evolutionarily more advanced than the others (e.g. Wyss, 1997) , all extant plant-parasitic nematodes should be considered to be equally evolved. Differences between parasitic strategies reflect adaptations to exploit different ecological niches within the host, and this is particularly true of feeding behaviour. Because of this, great care should be exercised in extrapolating results obtained with one genus to interactions involving another. Further, much insight will be gained from careful examination of even the seemingly simple interactions. For example, an EM study revealed surprisingly complex host responses to the ecto-endoparasite Scutellonema brachyurum (Schuerger and McClure, 1983 ) and the ectoparasite Criconemella xenoplax (Hussey et al., 1992) . Nevertheless, the best-studied feeding sites remain those induced by root-knot and cyst nematodes, termed giant cells and syncytia, respectively. This is partly because of the great economic importance of these groups, but also because the large feeding sites induced by these sedentary parasites are amenable to microscopy and to biochemical and molecular analyses.
Feeding Sites of Sedentary Endoparasites
The subject of numerous studies under the light and electron microscope (e.g. Christie, 1936; Bird, 1961; Jones and Northcote, 1972; Jones and Payne, 1978) , the anatomy and cytology of giant cells and syncytia is well established. The ontogeny of syncytia (Golinowski et al., 1997) and giant cells (Bleve-Zacheo and Melillo, 1997) and the physiology of both types (Grundler and Böckenhoff, 1997) are the subject of recent comprehensive reviews and thus will only be briefly described.
Giant cells (Fig. 8.1 ) arise by expansion of individual parenchyma cells in the vascular cylinder. The developing cells undergo rounds of synchronous nuclear division uncoupled from cytokinesis, and individual nuclei become highly polyploid. The cell wall is extensively remodelled, including a marked reduction in plasmodesmatal connections with cells other than other neighbouring giant cells, and the development of finger-like projections into the cell. These events are tightly coupled to the developmental status of the nematode, and giant cells reach maximal size and activity at the onset of egg-laying (Bird, 1971) . Interestingly, the transition from a parenchyma cell to a fully differentiated giant cell occurs early in the parasitic association. In other words, once the giant cells have been initiated, their characteristics do not change appreciably throughout the period of nematode feeding (apart from getting bigger, having more nuclei, etc.). In many hosts (but not all) cortical and pericycle cells around the giant cells expand and divide, resulting in the formation of a gall or knot.
In contrast to giant cells, the syncytia induced by cyst nematodes arise by coalescence of adjacent cells, resulting in a multinucleate cell in the absence of mitosis. Thus, despite resembling each other, giant cells and syncytia apparently have different ontogeny, although it is less clear that this is true at the molecular level as many genes specifically induced in giant cells also are specifically induced in syncytia (D. Bird, unpublished results).
Feeding Site Induction
Although detailed analysis of gene expression in feeding sites will ultimately define how these cells function, these approaches give no clue as to how these unique plant cells are initiated. Linford (1937) , and numerous investigators since then, speculated that an inductive signal emanates from the parasite (Bird, 1962; Hussey, 1989; Bird, 1992) and, more specifically, from one or all of the pharyngeal glands (Linford, 1937; Bird, 1967 Bird, , 1968 Bird, , 1969 Hussey, 1989; Hussey et al., 1994) ; the role of other secretory organs, such as the amphids, has also been formally discussed (Bird, 1992) . Indeed, it has become dogma that proteinaceous secretory products are the inductive signal, with some models including direct interaction between pharyngeal gland proteins and host genes (Williamson and Hussey, 1996; Hussey and Grundler, 1998) , presumably functioning as transcription factors. Formation of giant cells is perhaps the most studied, although is still far from understood.
Induction of Giant Cells
The genus Meloidogyne is very cosmopolitan, inducing stereotypical giant cells in a vast range of vascular plants, and any model for giant cell induction must be consistent with this fact. We believe this indicates that the process that leads to giant cell formation must involve some fundamental and widely conserved aspect(s) of plant biology. Phytohormones meet this requirement, and it is very appealing to speculate that giant cell induction is mediated via hormones (or hormone agonists/antagonists) that are directly nematode-produced, or through some hormone production or response pathway able to be directly manipulated by the parasite. Meloidogyne L2 have been shown to produce biologically active cytokinin (Bird and Loveys, 1980) . Further, the level of cytokinin in planta is increased in nematode-infected roots, but the systemic cytokinin levels (as measured by the amount in xylem exudate) were not appreciably elevated (Bird and Loveys, 1980) . Unfortunately, experiments in which the expression of phytohormone-responsive genes is measured are difficult to interpret as there is considerable functional interplay between plant hormone systems. Thus, until experimentally demonstrated, the role of nematode-produced cytokinin (or any other hormone, including peptides) remains equivocal.
A crucial feature of any nematode-specified inducer is the mode of delivery to the host cells. Molecules such as phytohormones or peptides might reasonably be expected to be diffusable in the host, and thus be free to act on any susceptible cell within a range of the nematode; this range would thus be concentration dependent. Alternatively, molecules might be actively transported to specific cells or cellular targets; the distribution of such proteins would thus depend on the nature and extent of the transport system. The third possibility is that the nematode selects cells to be induced and delivers an inducer directly to those cells. For genera such as Heterodera, where the stylet unequivocally crosses the cell wall, the stylet is an obvious candidate as the conduit for an inducer. However, we are unaware of any direct evidence showing the Meloidogyne stylet breaching the wall, although wall modifications have been attributed to damage caused by prior stylet penetration (Hussey and Mims, 1991) . Thus it seems unlikely that these nematodes supply pharyngeal gland contents into host cells. Consistent with this is the failure (to date) to demonstrate any nematode proteins in giant cells, but rod-like structures called 'feeding tubes' have been observed in giant cells and, although the morphology of these structures varies widely from host to host (Hussey and Mims, 1991) , they are widely suspected to be of nematode origin (Hussey and Grundler, 1998 ). An obvious ramification of the apparent failure of Meloidogyne to breach the host cell wall is that feeding would appear be extracellular, presumably requiring either active secretion or passive leakage from the host.
A further requirement of direct stylet injection is that the stylet must be able to reach the cells that are destined to become giant cells. Root-knot nematodes that have initiated feeding are sessile, having only a restricted amount of head movement, yet in many micrographs giant cells exist apparently beyond the reach of the stylet (e.g. giant cell number 3 in Fig. 8.1 ). The direct-injection model needs to reconcile this. Because giant cells are interconnected by plasmodesmata, solutes should flow freely, requiring the parasite to feed from only one giant cell. Might plasmodesmata also permit movement of the inductive signal?
The temporal requirement for a specific inductive signal is unknown. Temperature shift experiments have shown that the induction of resistance mediated by the Mi locus in tomato is restricted to the first 24-48 h after infection by Meloidogyne L2, showing that one aspect of the host-parasite interaction at least is temporally restricted (Dropkin, 1969) . In the 'developmental switch' model (Bird, 1996) a transient induction is sufficient, but it is clear that some ongoing interaction between parasite and giant cells is required, as removal of the nematode leads to feeding site dissolution (Bird, 1962) . Whether this constitutive stimulus is simply a physiological effect caused by the metabolic sink of feeding (Bird, 1996) or something more specific remains unknown.
It has been proposed that the question of feeding cell induction be considered in terms of regulation of host differentiation (Dropkin and Boone, 1966; Bird, 1974; Bird, 1996) and a number of groups have begun to identify genes expressed in feeding cells. It is likely that in the future the use of classical genetics, on both the host and the parasite side, will prove to be especially powerful in studying nematode-plant interactions, but such approaches are too new to have yet proved informative.
Genes Expressed in Feeding Cells
Nematode-induced feeding cells are unique cell types, and presumably have unique gene expression profiles. A wide range of strategies to identify genes up-regulated (or down-regulated) in feeding sites have been employed, and these have recently been extensively reviewed (Fenoll et al., 1997a) . Apart from genetics, strategies to identify constitutively expressed plant genes with crucial roles in the host-parasite interaction (such as the resistance genes) are less apparent.
The most productive approach in identifying giant cell-specific transcripts (i.e. not expressed in spatially or temporally equivalent healthy cells) has been a subtractive cDNA cloning which defined hundreds of genes Wilson et al., 1994) . These genes have been extensively characterized (Bird, 1996; A. Green and D. Bird, unpublished observations) and their sequences are available from GenBank. The great challenge with these (and, indeed, all the differentially expressed genes) is to relate their expression specifically to feeding site function, and ultimately this requires functional tests (e.g. inactivation in a transgenic plant). However, some inference can be made solely from sequence. For example, the gene defined by the clone DB#280 encodes the tomato orthologue of a myb-class of transcription factor named Le-phan (Thiery et al., 1999) . The phan gene has also been cloned from snapdragon (Waites et al., 1998) and maize (Tsiantis et al., 1999) , where it is called rough sheath2. Phan appears to control the developmental transitions: division to determination, and determination to differentiation, by repression and de-repression, respectively, of the knox class of homeodomain genes (Timmermans et al., 1999) . Thus the presence of Le-phan transcripts in giant cells suggests that normal terminal differentiation (of what was initially a parenchyma cell) might be suppressed. A detailed model in which giant cell formation is initiated via an incompletely executed developmental programme has been presented (Bird, 1996) , and it will be interesting to elucidate the specific role played by Le-phan in giant cells. Interestingly, mutations at the knox loci can be phenocopied and the penetrance modulated by application of exogenous hormones, and it has been suggested that knox proteins might be key regulators of the yet-to-be-discovered plant cytokinin biosynthesis genes (Frugis et al., 1999) .
Cell Cycle Regulation
A productive experimental approach has been to focus on the cell cycle perturbations evident in feeding sites. Based on their cytology, it can be surmised that giant cells exhibit defects in at least three points of the cell cycle: G 1 to S phase transition without prior completion of mitosis; failure to pass from metaphase to anaphase (resulting in endo-reduplicated nuclei); and failure to complete the anaphase to telophase transition (resulting in multinucleate cells). Recent work in yeast has shown that these three points are major sites of cell cycle control. Because the cell cycle has been intensively studied in Arabidopsis, it has proved possible to probe giant cells and syncytia by blocking various stages of the cycle using genetic and chemical inhibitors, and the results of these experiments have been recently reviewed (Gheysen et al., 1997) . Importantly, it was found that blocking the cell cycle also arrested development of giant cells (Gheysen et al., 1997) .
Genes with potential roles in the feeding-site cell cycle have also been found in more global screens. For example, the clone DB#103 defines Le-ubc4, which encodes a ubiquitin conjugating enzyme (UBC) that is strongly up-regulated in tomato giant cells. UBCs play a central role in cellular metabolism as part of the complex that regulates specific proteolysis. Significantly, cell cycle regulation is achieved to a large degree by ubiquitin-mediated degradation of specific proteins that block cell cycle progression at each of the three key points of the cycle. The best-studied cell cycle regulator is the anaphase-promoting complex (APC), which is a large ubiquitination complex that promotes the metaphase to anaphase and anaphase to telophase transitions via destruction of specific inhibitors (Townsley and Ruderman, 1998) . Further, exit from mitosis is initiated by APC degradation of mitotic cyclins.
In healthy plants, Le-ubc4 is expressed only in meristematic cells, where it encodes a nuclear localized protein (Bird, 1996) . What, therefore, might its role be in giant cells, which are non-dividing? One possibility is that Le-ubc4 has a role in controlling nuclear proliferation (i.e. cell cycle control) and it appears that Le-ubc4 itself is cell cycle regulated. Le-UBC4 protein is first detectable in mid-G 2 phase. It remains present throughout mitosis, and disappears in late G 1 phase (A. Green and D. Bird, unpublished results) . This suggests that Le-UBC4's role is not simply in synthesis of new chromosomal material per se (e.g. ubiquitination of histones). Might Le-UBC4 be a component of the APC, or some other specific regulatory complex? Alternatively, the influence exerted by Le-UBC4 might be much less subtle. Western blot data (D. Bird, unpublished results) indicate that Le-UBC4 levels are very high in giant cells, perhaps causing the fine balance of regulated cellular proteolysis to be non-specifically disrupted. Understanding the precise role of this gene in giant cells awaits specific function analysis.
Evolution of Parasitism: an Ancient Symbiosis?
Because of their soft bodies, the fossil record for nematodes is poor (Poinar, 1983) and both the manner in which they may have evolved and the relationship between different orders of nematodes has been the subject of much speculation (Coomans, 1983) . In both cases the application of molecular phylogenetic methods has provided a framework from which to address these issues. Analysis of small subunit ribosomal DNA sequences led to the linking of groups into clades whose members appeared on morphological and prior phylogenetic grounds to be unrelated ; see also Chapter 1). Significantly, it appears that parasitism has evolved independently on numerous occasions; even the relatively small number of species examined (53) revealed four independent origins for animal parasitism, and three independent origins for plant parasitism .
Parasitism is an acquired trait, and one unlikely to have evolved prior to evolution of the host, which for vascular plants is 400 million years ago. Presumably most of the genes in extant parasites share a common origin with most of the genes in extant free-living forms, and indeed an analysis in which the deduced proteins from a large number of randomly generated cDNA sequences from the filarial nematode Brugia malayi were searched against the entire suite of C. elegans predicted proteins revealed a match with 86% of the genes . Although for technical reasons this number is probably an underestimate, it is nevertheless likely that for some genes in parasitic nematodes there will be no homologues in free-living species. The eng loci provide a good example. Using the deduced ENG-1 protein from G. rostochiensis as a query does identify two candidates from the entire C. elegans protein set (with BLAST scores of 55 and 46), but examination of these sequences indicates that neither encodes a cellulase, nor a related protein. Thus, these genes have either diverged from an ancient ancestor gene such that no homology can be detected, or they have evolved independently. Although the evidence is circumstantial, a compelling argument can be made that the latter is the case, and that an inter-kingdom gene transfer was involved (Keen and Roberts, 1998) .
Acquisition of Parasitism Genes by Horizontal Gene Transfer
Enough genomic genes from tylenchid nematodes, including Mi-sec-1 , the eng family members ), Mj-col-3 (Koltai et al., 1997 , Ma-cut-1 (De Giorgi et al., 1996) and Mj-CM-1 (Lambert et al., 1999) , have been characterized in sufficient detail to confirm that these are all ordinary eukaryotic genes, with normal regulatory elements and with features typical of genes in C. elegans (including small introns and transspliced transcripts). It was therefore surprising to find that the deduced protein sequences of the cellulase genes and the chorismate mutase gene (Lambert et al., 1999) were not similar to these enzymes from other eukaryotes, but rather have strong similarities to bacterial proteins. It seems likely that these pharyngeal gland genes were acquired from microbes via horizontal gene transfer (Keen and Roberts, 1998) . Significantly, the homology between the ENG proteins and these enzymes from plant sources is low, suggesting that plants were not the source of the nematode genes.
It is likely that the concept of ancient nematodes acquiring microbial genes will be controversial, and ultimately might turn out not to be the case. It does, however, help to explain how plant parasitism has apparently evolved on multiple, independent occasions, and it will be especially interesting to examine in detail the candidate cellulase genes identified in other plant nematode species (Y. Yan and E.L. Davis, North Carolina, 1999, personal communication; see above) . For example, B. xylophilus, another clade IV member , is a fungal feeder; will its eng loci resemble bacterial or fungal genes? P. minor is a member of clade II; what will its eng loci most resemble? Placing these and other genes into the context of the ever-developing phylogenies will undoubtedly further the understanding of the origins of plant parasitism, and may provide clues to the mechanism of inter-kingdom gene transfer. Presumably one requirement for this is a physical interaction between the organisms involved. Interactions between bacteria and members of clade IV in particular , many of which belong to the Tylenchida, including the genera Anguina, Globodera and Meloidogyne, have been examined in detail and are all pervading. Understanding these interactions may provide some clues to the origins of horizontally acquired genes.
Clade IV Nematode-Bacterial Associations
The simplest interaction is where the nematode, for example Acrobeloides nanus (a cephalobid), merely eats bacteria. A. nanus can feed on a wide range of bacteria, including C. toxicus (Bird and Ryder, 1993) , an observation confirmed under the TEM (Fig. 8.4) . By contrast, the plant parasite A. agrostis (funesta) (a tylenchid) is unable to use C. toxicus as a food source, but this same bacterium has the capacity to adhere to the surface of the Anguina cuticle (Fig. 8.5 ) and, as mentioned above, be carried by the nematode into the plant, where it can continue its development at the expense of the nematode (Bird and Riddle, 1984) . This interaction has a mildly pathological effect on the infective larva of the nematode, penetrating the cuticle and slowing down movement of the nematode, its vector. Thus, what is food for one group of nematodes (AcrobeloidesClavibacter) becomes a pathogen for another (Anguina-Clavibacter).
A more extreme example of a pathogenic interaction occurs between the mycelial endospore-forming bacterium Pasteuria penetrans and a wide range of nematodes, including the genus Meloidogyne. The parasitic relationship between Pasteuria and Meloidogyne (Bird, 1986) initially involves adhesion of the bacterial endospore to the L2 whereby it is carried into the plant, where it germinates, penetrates the nematode and reproduces in the posterior of its host, leaving the anterior portion intact. The nematode feeds normally and provides food for the developing endospores, which destroy the nematode's reproductive system as they fill the body.
An equally intimate but non-pathogenic relationship between nematodes and bacteria is that between various nematode parasites of insects belonging to the genus Steinernema and the bacterium Xenorhabdus. The bacteria become housed monoxenically in a specialized intestinal vesicle in the nematode after they have been ingested. They are released when the nematode invades the haemocoel of the insect and multiply rapidly, causing septicaemia and death. It has been shown (Götz et al., 1981) that the nematodes secrete a substance that inhibits the antibacterial proteins produced by the insect so that Xenorhabdus can grow rapidly. It in turn inhibits the growth of other bacteria and provides nutrients that aid the growth and reproduction of Steinernema.
The most intimate of the bacterial-nematode associations involves Wolbachia, a genus of rickettsia-like, alpha proteobacteria found in obligate intracellular association with a wide variety of arthropods, and a now wellcharacterized association with B. malayi and Dirofilaria immitis (Chapter 2). Although not formally identified as Wolbachia, the presence of rickettsia-like organisms has been observed, principally in the reproductive tracts of Globodera females (Shepherd et al., 1973) and males (Walsh et al., 1983) and in Heterodera larvae (Endo, 1979) .
As an endosymbiont, Wolbachia is not unique in insects. For example, all aphids appear to have symbiotic bacteria of the genus Buchnera, believed to have entered an aphid ancestor as a free-living eubacterium 200-250 million years ago (Baumann et al., 1995) and tephritid flies host an endosymbiont, until recently classified in the genus Erwinia (Drew and Lloyd, 1991) . What makes these insect-microbe interactions particularly interesting is that the insects involved induce galls on the plants from which they feed. A good example is the galls produced on grape roots by the phylloxera aphid Daktulosphaira vitifoliae. Whether or not induction of galls by insects involves the same host pathways as feeding site induction by nematodes is unknown, but it is a reasonable hypothesis that phytohormones play a role. Buchnera are capable of synthesizing large quantities of tryptophan, an auxin precursor and most aphids are known or thought to contain auxins (Baumann et al., 1995) . Similarly, the tephritid endosymbiont is capable of synthesizing cytokinins (Drew and Lloyd, 1991) . It is an intriguing possibility that the insect galling genes also have a bacterial origin, and perhaps this is true also for the cytokinin synthesis genes in Meloidogyne. Might the Mj-CM-1 product (Lambert et al., 1999) also have a role in phytohormone biosynthesis?
Based on extant nematode-microbe relationships, various obviously highly conjectural models for the transfer of bacterial genes to nematodes can be proposed. In the simplest instance, a bacterivorous nematode acquires the enzymes required to invade vascular plants directly by ingesting phytopathogenic bacteria. It is not inconceivable that an endosymbiotic relationship might evolve, not unlike the Steinernema-Xenorhabdus association, with the subventral pharyngeal glands serving the role of the Steinernema intestinal vesicle. Alternatively, microbial genes might have entered the nematode via an invasive organism such as Pasteuria or Wolbachia. In each instance extreme reduction of the bacterium would need to be envisaged to the point where the only remaining remnants were a small suite of genes, the size of which will ultimately be revealed as plant-parasitic nematodes are subjected to extensive DNA sequence analyses.
Concluding Remarks
It is clear that parasitism, whether it be of nematodes or by nematodes, has evolved in close association with bacteria, initially as a food source and then in a finely balanced relationship. The fact that similar associations exist between bacteria and gall-forming insects may be coincidence, or it may reflect some underlying universal mechanism(s) involving host-plant modification. Defining those mechanisms whereby a plant is chosen as being a suitable host, and a feeding site selected and established, has been a goal of plant nematologists for many decades; we sense that enlightenment is near.
